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Inhibition of LOXL1-AS1 alleviates oxidative low-density lipoprotein induced 
angiogenesis via downregulation of miR-590-5p mediated KLF6/VEGF signaling 
pathway
Xuan Cheng, Zhiwei Liu, Haifeng Zhang, and Yajun Lian

Department of Neurology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou Henan, China

ABSTRACT
Increasing evidences have confirmed that long non-coding RNA LOXL1-AS1 functions in multiple 
human diseases. Here, we aim to explore the function and mechanism of LOXL1-AS1 in modulat-
ing oxidized low-density lipoprotein (ox-LDL)-induced angiogenesis of endothelial cells (ECs). 
Presently, we found that LOXL1-AS1 and KLF6 were upregulated in ECs treated by Ox-LDL in 
a dose- and time-dependent manner while miR-590-5p was downregulated. Overexpression of 
LOXL1-AS1 aggravated Ox-LDL mediated ECs proliferation and migration, and promoted angio-
genesis both in vitro and in vivo. On the contrary, enhancing miR-590-5p or inhibiting LOXL1-AS1 
level led to suppressive effects on the proliferation, migration and angiogenesis of ECs. Moreover, 
LOXL1-AS1 upregulation promoted the expression of vascular endothelial growth factor (VEGF), 
MMPs (including MMP2, MMP9 and MMP14) and also activated VEGF/VEGFR2/PI3K/Akt/eNOS 
pathway. Mechanistically, LOXL1-AS1 works as a competitive endogenous RNA (ceRNA) by spong-
ing miR-590-5p, which targeted at the 3ʹ-untranslated region (3ʹUTR) of KLF6. Additionally, the 
proliferation, migration and angiogenesis of ECs were elevated following KLF6 upregulation. By 
detecting the expression of LOXL1-AS1 and miR-590-5p in the serum of healthy donors and 
atherosclerosis patients, it was found that LOXL1-AS1 was upregulated in atherosclerosis patients 
(compared with healthy donors) and had a negative relationship with miR-590-5p. Taken together, 
LOXL1-AS1 promoted Ox-LDL induced angiogenesis via regulating miR-590-5p-modulated KLF6/ 
VEGF signaling pathway. The LOXL1-AS1-miR-590-5p axis exerts a novel role in the progression of 
atherosclerosis.
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1 Background

Atherosclerosis (AS), as a chronic inflammatory 
vascular disease, often results in atherosclerotic 
plaque, which is a focal lesion located within the 
intima of large and medium-sized arteries [1]. 
Atherosclerosis, as a typical pathological change 
in clinical, is one of the leading causes of various 
clinical events, including ischemic shock and myo-
cardial infarction [2]. During the development of 
AS, oxidized low-density lipoprotein (Ox-LDL) is 
involved in the development of AS through 
a variety of mechanisms, such as inducing 
endothelial cell activation and dysfunction, accel-
erating macrophage foam cell formation, promot-
ing smooth muscle cell migration and 
proliferation, etc [3,4]. Vascular endothelial cells, 
which are attached to the inner wall of blood 
vessels, have phagocytose functions on foreign 

body, bacteria, necrosis and aged tissues, and par-
ticipate in collective immune activities. Their 
damage and aberrant function are the initial fac-
tors contributes to AS [5,6]. Therefore, it is of 
considerable significance to maintain the integrity 
of endothelial cells and protect their normal func-
tions for the treatment of AS to explore the way.

Long non-coding RNA, a kind of RNA more 
than 200 nucleotides in length, is identified in 
multiple cells. Mounting studies have indicated 
that lncRNAs take part in the fundamental pro-
cesses of gene modulation, including chromatin 
modification and direct transcriptional regulation, 
as well as post-transcriptional events including 
splicing, editing, localization, transfection and 
degradation [7,8]. In recent years, many studies 
have proved that lncRNA exerts a significant effect 
on cardiovascular diseases, neurological diseases 
and immune-mediated diseases [9–11], including 
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in the development of AS [12,13]. LncRNA LOXL1 
antisense RNA 1 (LOXL1-AS1) has been identified 
by Hauser MA et al. [14], it is located on human 
chromosome 15q24.1, which consists of 10,781 
nucleotides and five exons. Studies have discov-
ered that LOXL1-AS1 is upregulated in many 
tumors, such as ovarian cancer [15], endometrial 
cancer [16], and gastric cancer [17], and it pro-
motes tumor cell proliferation, migration, and 
invasion. Moreover, recent studies also proved 
that LOXL1-AS1 has a vital role in the non- 
tumor diseases. For instance, LOXL1-AS1 aggra-
vates the proliferation and migration of tropho-
blast cells (JEG-3) [18]; LOXL1-AS1 has abnormal 
high expression in patients with postmenopausal 
osteoporosis, and it inhibits the osteogenic differ-
entiation of human bone marrow mesenchymal 
stem cells (hBMMSCs) but promotes adipocytic 
differentiation [19]. Thereby, we thought that 
LOXL1-AS1 plays a potential role in Ox-LDL- 
mediated dysfunctions of ECs.

Similar to lncRNA, microRNAs (miRNAs) are 
a class of non-coding RNAs widely found in cells. 
miRNAs are about 18–24 nucleotides in length, 
and they modulate gene expression at the post- 
transcriptional level by binding to the 3ʹUTR end 
of mRNA [19]. Accumulating researches have 
indicated that miRNAs participate in regulating 
Ox-LDL-mediated dysfunction of vascular 
endothelial cells. Taking microRNA-338-3p as an 
example, it is upregulated in vascular endothelial 
cells after Ox-LDL treatment, and it mediates 
endothelial cell injury by targeting BAMBI and 
activating TGF-β/Smad Pathway [20]. As 
a member of miRNAs, miR-590-5p takes part in 
mediating tumor growth and drug resistance [21], 
and plays a therapeutic role in intestinal inflam-
mation [22] and brain injury caused by cerebral 
hemorrhage [23]. Interestingly, previous studies 
have found that miR-590-5p attenuates Ox-LDL- 
mediated angiogenesis by targeting LOX-1 [24], 
suggesting that miR-590-5p may exert 
a momentous effect in AS development.

KLF6 is one member of Krüppel-like factor 
family, and the zinc finger protein is 
a transcriptional activator, which works as 
a tumor suppressor. For this gene, multiple tran-
script variants encoding different isoforms are dis-
covered, some of which have carcinogenic effect 

[25]. Besides, KLF6 has been found to promote 
inflammatory response by inhibiting the expres-
sion of microRNA-223 (miR-223) in macrophages 
[26] and to aggravate pathogenic myeloid cell acti-
vation in human and experimental inflammatory 
bowel disease (IBD) [27]. Therefore, KFL6 is 
a pro-inflammatory transcription factor.

Here, we used the low concentration (5–20 μg/ 
ml) Ox-LDL on human umbilical vein endothelial 
cells (HUVECs) and found that Ox-LDL signifi-
cantly promoted the LOXL1-AS1 expression and 
suppressed miR-590-5p expression. Moreover, 
gain- and loss-of functional experiments con-
firmed that LOXL1-AS1 promoted Ox-LDL- 
mediated proliferation, migration and angiogen-
esis of HUVECs, while miR-590-5p had the oppo-
site effects. What is more, we found that LOXL1- 
AS1 targeted miR-590-5p as a competitive endo-
genous RNA (ceRNA), while the miR-590-5p tar-
geted KLF6. Therefore, we hypothesized that there 
was a regulatory network in Ox-LDL-mediated 
angiogenesis, namely the LOXL1-AS1-miR-590- 
5p-KLF6 axis.

2 Methods

2.1 Cells and treatments

HUVECs from Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China) were cultured in 
a complete medium containing 10% fetal bovine 
serum (FBS, Gibco BRL, Gaithersburg, MD, USA) 
and 1% DEME-F12 (Thermo, Shanghai, China). 
The cell culture bottle/plate was put in a constant 
temperature incubator containing 5% CO2 at 37°C. 
When the cells were at the logarithmic growth 
phase, Ox-LDL (5–20 μg/ml) (Beijing Solarbio 
Science & Technology Co., Ltd.) was acted on 
HUVECs for a duration of time (0 h-72 h).

2.2 Cell culture and treatment

The pcDNA3.1 expression vectors, which con-
tained full-length human LOXL1-AS1 (pcDNA- 
LOXL1-AS1) or KLF6 (pcDNA-KLF6), and their 
negative vectors were designed and synthesized 
by Shanghai Integrated Biotech Solutions 
(Shanghai, China). The small interference RNA 
(siRNA) targeting LOXL1-AS1 (si-LOXL1-AS1), 
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miR-590-5p mimics and the corresponding 
negative controls were purchased from RiboBio 
(Guangzhou, China). The si-LOXL1-AS1 
sequences include # 1 5ʹ- 
AUUCUUACCAUUAUUCCUGUCCAGGAA 
UAAUGGUAAGAAUUU-3ʹ, # 2 5ʹ- 
AGCAAAUAGACCAUUUAGGAGCCUAAA 
UGGUCUAUUUGCUCC-3ʹ, # 3 5ʹ- 
UUAUGAAGUAUUUUAGACGGUCGUCUAA-
AAUCUAU. HUVECs at the logarithmic growth 
stage were inoculated into 24-well plates. Then, 
Lipofectamine 3000 kit (Thermo, Shanghai, 
China) was used to co-transfected pcDNA- 
LOXL1-AS1, si-LOXL1-AS1, pcDNA-KLF6, 
miR-590-5p mimics and the corresponding 
negative control into the cells according to the 
instructions. Twenty-four hours after transfec-
tion, the expressions of LOXL1-AS1, miR-590- 
5p, or KLF6 were detected for confirming the 
transfection efficiency via RT-PCR or Western 
blot.

2.3 CCK8 method

The CCK8 assay was used for evaluating the pro-
liferation of HUVECs using the CCK8 kit 
(Beyotime, Shanghai, China). HUVECs inoculated 
in 96-well plates (5 × 103 cells/well) were cultured 
for 24 hours. The previous medium was removed, 
and the CCK-8 and medium mixture (CCK-8 to 
medium ratio was 1:10) were added. After incuba-
tion in a standard incubator for 1 hour, the absor-
bance value of the culture plate at 450 nm was 
determined via ELISA. In this experiment, the 
same amount of CCK-8 and the medium mixture 
was taken as the blank control without cells. Five 
replicates were set up in each experiment, and the 
experiment was made three times.

2.4 Reverse transcription polymerase chain 
reaction (RT-PCR)

When the cell treatment was over, HUVECs 
were collected and lysed with TRIzol lysate 
(Invitrogen, Shanghai, China) on ice. 
Chloroform-isopropanol-75% ethanol method 
was used to extract the total RNA in the lysates, 
and double distilled water containing 1% DEPC 
(Thermo, Shanghai, China) was used to dissolve 

the total RNA. The ultraviolet RNA spectrophot-
ometer was used to determine the total RNA 
concentration and purity. According to the oper-
ating procedure of the RevertAid First Strand 
cDNA Synthesis Kit (Thermo, Shanghai, 
China), reverse transcription reaction was con-
ducted, and total RNA was reverted to cDNA. 
The reaction conditions were: 70°C, 10 min; 5 min 
on ice; 42°C, 60 min; 95°C, 5 min; 0°C, 5 min. 
Then, the obtained cDNA was amplified. The 
fluorescence quantitative PCR reaction system 
was 25 μL, containing 500 ng cDNA template, 
250 nmol/L reverse and forward primers, and 
12.5 μL of 2× SYBR Green PCR Master 
(Toyobo, Shanghai, China) mixture. The primers 
sequence of each molecule is shown in Table 1. 
U6 served as the endogenous control of miR- 
590-5p, and GAPDH as the endogenous control 
of VEGF, MMP2, MMP9, MMP14, LOXL1-AS1 
and KLF6. The 2−ΔΔCt value indicates the relative 
expression of genes. LOXL1-AS1, Forward pri-
mer, 5ʹ-AATTGCCCTCTTGGGCTTAT-3ʹ, 
Reverse primer, 5ʹ- 
GTCTCACCTTCCCATTCCAA-3ʹ; VEGF, 
Forward primer, 5ʹ- 
GCCCACTGAGGAGTCCAAC −3ʹ, Reverse pri-
mer, 5ʹ- TGGTTCCCGAAACGCTGAG −3ʹ; 
MMP2, Forward primer, 5ʹ- 
TGATCTTGACCAGAATACCATCGA-3ʹ, 
Reverse primer, 5ʹ- 
GGCTTGCGAGGGAAGAAGTT-3ʹ; MMP9, 
Forward primer, 5ʹ- 
CCTGGAGACCTGAGAACCAATC-3ʹ, Reverse 
primer, 5ʹ- CCACCCGAGTGTAACCATAGC- 
3ʹ; MMP14, Forward primer, 5ʹ- 
GAGCTCAGGGCAGTGGATAG-3ʹ, Reverse pri-
mer, 5ʹ-GGTAGCCCGGTTCTACCTTC-3ʹ; 
KLF6, Forward primer, 5ʹ- 
GGCCAAGTTTACCTCCGACC −3ʹ, Reverse 
primer, 5ʹ- TAAGGCTTTTCTCCTTCCCTGG 
−3ʹ;GAPDH, Forward primer, 5ʹ- 
CATGAGAAGTATGACAACAGCCT −3ʹ, 
Reverse primer, 5ʹ- 
AGTCCTTCCACGATACCAAAGT −3ʹ; miR- 
590-5p, Forward primer, 5ʹ- 
TGTCCGCCGAGCTTATTCATAAA −3ʹ, 
Reverse primer, 5ʹ- 
CAGTGCAGGGTCCGAGGT −3ʹ; U6, Forward 
primer, 5ʹ- TGCGGGTGCTCGCTTCGGCAGC 
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−3ʹ, Reverse primer, 5ʹ- 
CCAGTGCAGGGTCCGAGGT-3ʹ.

2.5 Western blot

When cell treatment was completed, the HUVECs 
were collected and lysed them on ice using RIPA 
lysate (biyun tian biotechnology co., LTD.). The 
cells were fully lysed for 30 minutes and then 
centrifuged at 14,000 rpm for 15 min in a 4°C 
centrifuge. A total of 5 μg total proteins were 
taken and electrophorezed for 2 h at 100 V with 
SDS-PAGE. Next, the separated proteins were 
electrically transferred to polyvinylidene fluoride 
(PVDF) membranes. The following procedure 
was to seal the membranes with 5% skim milk 
powder at room temperature for 1 h. Then, they 
underwent TBST wash (3 times, 10 min each) and 
overnight incubation with primary anti-VEGFA 
(Abcam, ab52917, 1:1500), anti-MMP2 (Abcam, 
ab97779, 1:1000), anti-MMP9 (Abcam, ab38898, 
1:1200), anti-MMP14 (Abcam, ab51074, 1:1000), 
anti-VEGFR2 (Abcam, ab134191, 1:1200), anti- 
PI3K (Abcam, ab86714, 1:2000), anti-p-PI3K 
(Abcam, ab182651, 1:1500), anti-p-Akt (Abcam, 
ab38449, 1:1500), anti-Akt (Abcam, ab18785, 
1:1000), anti-p-eNOS (Abcam, ab76199, 1:1000), 
anti-eNOS (Abcam, ab5589, 1:1000), anti-KLF6 
(Santa Cruz Biotechnology, sc-20,884, 1:1000) at 
4°C. After washing the membranes at TBST, we 
incubated them with horseradish peroxidase 
(HRP)-labeled anti-rabbit secondary antibody 
(concentration 1:300) (room temperature, 1 h). 
Next, TBST was used to wash the membrane 3 
times, 10 min each. Finally, X-ray development 
was performed using Pierce ECL Western blot 
Substrate kit (Thermo, Shanghai, China), and the 
gray values of each protein were analyzed by 
Image J.

2.6 Dual luciferase viability experiment

The sequences of LOXL1-AS1 and KLF6 were 
amplified and transferred to the luciferase gene 
downstream of pmirGLO plasmid (Promega, 
Fitchburg, WI, USA), respectively, to obtain pmir- 
LOXL1-AS1-WT and pmiR-klf6-WT. Meanwhile, 
the LOXL1-AS1 fragment (pMIR-LOXL1-AS1- 
MUT) and KLF6 fragment (pMIR-KLF6-MUT) 

containing the mutant target was designed accord-
ing to the predicted binding sites of LOXL1-AS1, 
KLF6 and miR-590-5p based on LncBase v.2 
(http://carolina.imis.athena-innovation.gr/diana_ 
tools/web/index.php?r=lncbasev2%2Findex- 
predicted) and Targetscan (http: //carolina.imis. 
athena -innovation.gr/diana_tools/web/index.php? 
r = lncbasev2%2Findex-predicted). PMIR-LOXL1- 
AS1-WT, pMIR-LOXL1-AS1-MUT, pMIR-KLF6- 
WT, pMIR-KLF6-MUT and miR-590-5p mimics 
and miR-NC were co-transfected into HUVECs 
using lipofectamine® 3000. Forty-eight hours after 
the transfection, the relative luciferase activity was 
evaluated via the Dual-Glo luciferase assay kit 
(Promega, Fitchburg, WI, USA).

2.7 RNA immunoprecipitation

The Magna RIP™ RNA-Binding Protein 
Immunoprecipitation Kit (Millipore, Burlington, 
MA, USA) was employed to conduct RIP experi-
ment. In short, HUVECs were harvested and lysed 
in RIP lysis buffer. Next, RNA was immunopreci-
pitated with antibody against Ago2 (Abcam, 
ab32381,1:500) or negative control IgG (EMD 
Millipore, cat. no. 12–371, Burlington, MA, 
USA). Following that, the RNA in the lysates 
were extracted by TRIzol, and PCR was used to 
measure the enrichments of LOXL1-AS1 and miR- 
590-5p.

2.8 Dual-color fluorescence in situ hybridization 
(FISH)

RNA FISH assay was used for determining the co- 
location of LOXL1-AS1 and miR-590-5p in 
HUVECs. The DNA oligo probes of LOXL1-AS1 
(labeled with FAM) and miR-590-5p (labeled by 
Cy5) were purchased from GenePharma 
(Shanghai, China). HUVECs were cultured in 24- 
well plates (with 1 × 105 cells per well). The cells 
were fixed by 4% Paraformaldehyde (at room tem-
perature for 15 min). Next, the cells were washed 
with PBS for 3 times (5 min each time) and 
blocked with 5% goat serum for 1 hour at room 
temperature. Followed by that, the cells were incu-
bated with the LOXL1-AS1 and miR-509-5p 
probes overnight. The nuclei were stained by 4, 
6-diamidino- 2-phenylindole (DAPI) (Beyotime, 
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Shanghai, China). Finally, the fluorescence signal 
was observed using the Leica SP5 confocal micro-
scope (Leica Microsystems, Mannheim, Germany).

2.9 EdU experiment

The viability of the cells was detected by the EdU 
method. After treatment, HUVECs was added 
with 200 μL EdU medium (50 μmol/L, 
Guangzhou RiboBio Co., LTD) and cultured 2 h 
in the incubation. Then, we discarded the com-
plete medium and washed the cells with PBS for 3 
times, added 4% paraformaldehyde and secured it 
at 4°C for 24 h. Subsequently, the fixation fluid 
was discarded, and the cells were rinse with PBS 3 
times (5 minutes each). Next, these cells were 
sealed with 5% bovine serum albumin (BSA) 
(1 hour at room temperature), added with 
100 μL 1× Apollo® staining solution in the dark 
and went through decolorized incubation on 
a shaking bed (30 min, room temperature). 
Afterward, we washed the cells three times with 
PBS (5 min each time) and stained the nuclei 
5 min with DAPI (Beyotime, Shanghai, China). 
Finally, EdU positive cells were observed and 
photographed using an Olympus fluorescence 
microscope. Image J was taken to count EdU posi-
tive cells. The ratio of EdU positive cell number to 
the total cell number in the field at high magnifi-
cation was randomly selected as the EdU positive 
rate. The mean values of the three replicates were 
taken to represent the proliferation capacity of 
tumor cells.

2.10 Cell scratch test

HUVECs were inoculated in a 6-well plate 
(5 × 106/ well). When HUVECs were fully laid 
out, a straight scratch was formed in the middle 
of the confluence monolith by marking vertically 
with the tips of sterile 200 μL tubes. Then, the 
wounded cell monolayer was gently washed 3 
times with serum-free medium. Healing was 
done in a complete culture medium. At 0 h and 
24 h after the scratch formation, the width of the 
scratch under the microscope was photographed 
and calculated. Cell migration was evaluated 
through percent closure determination. Each 

experiment was repeated three times with three 
measurements each.

2.11 Tube formation assay

The capability of HUVECs to form capillary tube- 
like structures was assessed by the Matrigel-based 
tube formation assay, as previously described [28]. 
Briefly, a 24-well plate was polymerized by 
Matrigel (BD Biosciences, Bedford, MA) for 
30 min at 37°C. HUVECs (2 × 104) were incubated 
in 200 μl conditioned medium (CM) for 12 h 
before image taking. The capillary tubes were 
quantified under a 100× bright-field microscope 
by measuring the total lengths of the completed 
tubule structure. Three independent experiments 
were required for each treatment.

2.12 Matrigel plug assay

Forty BALB/c-nude mice (male, 6-wk-old) were 
purchased from the Animal Laboratory of 
Zhengzhou University. Three mice were used for 
the implantation of Matrigel plugs as previously 
described [28]. In brief, ice-cold Matrigel (BD 
Biosciences, San Jose, CA, USA) (200 μL per 
plug) was mixed with 50 μL PBS or Ox-LDL 
(5 μg/ml) and HUVEC transfected with pcDNA- 
LOXL1-AS1, si-LOXL1-AS1, or the corresponding 
negative controls (1 × 106 cells in 50 μL PBS) and 
then injected subcutaneously into the dorsal 
region of mice (each mouse received three plugs 
in total from the different groups). One week after 
implantation, Matrigel plugs were excised for 
hematoxylin-eosin staining and immunohisto-
chemical staining. All experimental protocols 
were approved by the Animal Care and 
Experiment Committee of the First Affiliated 
Hospital of Zhengzhou University.

2.13 Immunohistochemical staining

The Matrigel plugs were embedded in paraffin. 
Then the sections were dewaxed (by xylene), 
hydrated (using gradient ethanol), dipped in 
citrate buffer (pH 6.0) and boiled in a pressure 
cooker at 121°C for 4 min for antigen retrieval. 
After being blocked by 5% v/ v normal goat serum, 
the sections were incubated with anti-CD31 
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(1:200; ab28364; Abcam) at 4°C overnight and 
stained with secondary antibody of anti-rabbit 
IgG goat IgG-HRP (Abcam). The immunohisto-
chemical staining was photographed under an 
optical microscope. This experiment was repeated 
for 3 times and five rats in each group were used 
for testing.

2.14 Clinical specimen collection and processing

The blood specimen was collected from patients 
diagnosed with atherosclerosis and healthy donors 
in the First Affiliated Hospital of Zhengzhou 
University. A total of 15 clinical samples were 
obtained from atherosclerosis patients and 15 
healthy donors. After removing the cells in the 
blood samples through low-speed centrifugation, 
and the serum was collected and stored at −80°C 
in a freezer. Then RT-PCR was used to detect 
LOXL1-AS1 and miR-590-5p in the serum. This 
study had been approved by the medical ethics 
committee of the First Affiliated Hospital of 
Zhengzhou University. All patients consented to 
be involved in the study and signed the consent 
form.

2.15 Data analysis

SPSS 17.0 statistical software was taken for data 
process. Measurement data were presented as 
mean ± variance (x ± s). One-way ANOVA and 
LSD tests were performed for comparison of mean 
differences between multiple groups, and t-test 
was employed for comparison of mean differences 
between two groups. The correlation between 
miR-590-5p and LOXL1-AS1 was analyzed by 
Pearson linear regression. All experiments were 
repeated at least for 3 times, and each time has 
three repeats. P < 0.05 was taken as statistically 
valuable. 0

3 Results

3.1 LOXL1-AS1 promoted Ox-LDL-mediated 
angiogenesis

HUVECs were treated with different concentra-
tions of Ox-LDL (2.5–20 μg/ml) to explore the 
effect of LOXL1-AS1 on Ox-LDL-mediated 

angiogenesis. It turned out that Ox-LDL promoted 
LOXL1-AS1 expression in HUVECs in a dose- and 
time-dependent manner (Figure 1 A-B). Then, the 
overexpression and knockdown of LOXL1-AS1 
cell models were constructed in HUVECs 
(Figure 1 C-D). The proliferation and cell viability 
of HUVECs were detected by CCK8 and EdU 
methods. The results showed that Ox-LDL (5 μg/ 
ml) notably promoted cell proliferation and viabi-
lity (compared with the control group) (Figure 1 
E-H). However, after overexpression of LOXL1- 
AS1, the proliferative capacity and cell viability 
were considerably increased (compared with the 
Ox-LDL group) (Figure 1 E and G), while the 
downregulation of LOXL1-AS1 inhibited the cell 
proliferation and viability of HUVECs (Figure 1 
F and H). Next, we examined the mobility and 
tube formation ability of HUVECs. The results 
revealed that Ox-LDL (5 μg/ml) promoted 
HUVECs movement and angiogenesis, while 
LOXL1-AS1 upregulation promoted HUVECs’ 
movement and angiogenesis, and the knockdown 
of LOXL1-AS1 had the opposite effects (compared 
with the Ox-LDL group) (Figure 1 I and J). 
Moreover, the Matrigel plug assay was performed 
to investigate the role of Ox-LDL and LOXL1-AS1 
in regulating the angiogenesis of HUVECs in vivo. 
We found that HUVECs treated with Ox-LDL had 
enhanced angiogenesis and upregulated CD31 
compared with the control group (Figure 1 K-L). 
Transfection with LOXL1-AS1 overexpression 
plasmids markedly enhanced Ox-LDL-induced 
angiogenesis and CD31 expression (compared 
with Ox-LDL+vector group), while LOXL1-AS1 
knockdown obviously reduced angiogenesis and 
CD31 expression (compared with Ox-LDL+si-NC 
group) (Figure 1 K-L). Therefore, the above statis-
tics manifested that LOXL1-AS1 is increased after 
the treatment of Ox-LDL, and upregulated 
LOXL1-AS1 promotes HUVECs’ proliferation, 
migration and angiogenesis.

3.2 LOXL1 AS1 promoted the activation of the 
VEGF/VEGFR2/PI3K/Akt/eNOS pathway

To explore the underlying mechanism of LOXL1- 
AS1 in regulating the angiogenesis of vascular 
endothelial cell, we detected the expression of 
VEGF and matrix metalloproteinases (MMPs). 
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The results illustrated that Ox-LDL (5 μg/ml) pro-
moted the mRNA and protein expressions of 
VEGF, MMP2, MMP9, MMP14 and the activation 
of VEGF/VEGFR2/PI3K/Akt/eNOS pathway 
(Figure 2 A-F). After the upregulation of LOXL1- 
AS1, the expressions of VEGF, MMP2, MMP9 and 
MMP14 were raised significantly, and the activa-
tion of the VEGF/VEGFR2/PI3K/Akt/eNOS path-
way was more significant (compared with the Ox- 

LDL+vector group) (Figure 2 A-B, E). On the 
contrary, after LOXL1-AS1 knockdown, the 
expressions of VEGF, MMP2, MMP9 and 
MMP14 in HUVECs were remarkably decreased, 
and the VEGF/VEGFR2/PI3K/Akt/eNOS pathway 
was notably inhibited (compared with the OxLDL 
+si-NC group) (Figure 2 C-D, F). Thus, the up- 
regulation of LOXL1-AS1 promotes the activation 
of the Ox-LDL-mediated VEGF pathway, while the 

Figure 1. LOXL1-AS1 promoted Ox-LDL-mediated angiogenesis. A: Different concentrations of Ox-LDL (2.5–20 μg/ml) were applied 
to treat HUVECs for 24 hours, and LOXL1-AS1 expression was detected via RT-PCR; B: Ox-LDL (5 μg/ml) was applied to HUVECs for 
different times (0–72 h), and RT-PCR was performed to measure the expression of LOXL1-AS1 in the HUVECs, ns p > 0.05, *** 
p < 0.001 vs. control group. N = 3; C-D: Overexpression (c) and low expression (d) of LOXL1-AS1 cell model were constructed in 
HUVECs; Ox-LDL (5 μg/ml) were applied to treat HUVECs with different level of LOXL1-AS1 for 24 hours. E-F: CCK8 was carried out to 
examine the proliferation of HUVECs; G-H: The cell viability of HUVECs was evaluated via EdU method; I: HUVECs’ migration was 
examined by cell scratch test; J. HUVECs’ angiogenic ability was detected via the tube formation assay. K-L: matrigel plug assay was 
used to evaluate the angiogenesis of HUVECs in vivo. the matrigel plugs were harvested at 1-wk post-implantation and then 
subjected to hematoxylin-eosin staining and immunohistochemical staining (for detecting CD31). *, **, *** represents p < 0.05, 
p < 0.01 and p < 0.001, respectively. N = 3.
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down-regulation of LOXL1-AS1 reverses the acti-
vation of the Ox-LDL-mediated VEGF pathway.

3.3 MiR-590-5p is a competitive endogenous 
miRNA of LOXL1-AS1

The potential miRNAs regulated by LOXL1-AS1 
were searched through LncBase v.2 and Starbase 
databases. A total of 19 miRNAs (including hsa- 
miR-3622b-5p, hsa-miR-4735-3p, hsa-miR-1224- 
5p, hsa-miR-382-3p, hsa-miR-374a-5p hsa-miR 
-28-5p, hsa-miR-552-5p, hsa-miR-708-5p, hsa- 
miR-2278, hsa-miR-4428, hsa-miR-5590-3p, hsa- 
miR-423-5p, hsa-miR-5094, hsa-miR-590-5p, 

hsa-miR-374b-5p hsa-miR-3126-5p, hsa-miR 
-1913, hsa-miR-6875-5p, hsa-miR-3139) were 
shared by the LncBase V2 and Starbase v2.0 
through Venny diagram analysis (Figure 3A). 
Interestingly, miR-590-5p contains binding sites 
that pair with LOXL1-AS1 (Figure 3b). To 
explore the targeting relationship between miR- 
590-5p and LOXL1-AS1, the dual luciferase 
activity experiment and the RIP experiment 
were carried out. It was found that miR-590-5p 
inhibited luciferase activity in cells transfected 
with luciferase reporter gene vector LOXL1-AS1- 
WT, but had no significant effect on luciferase 
activity in cells transfected with LOXL1-AS1- 

Figure 2. LOXL1-AS1 promoted the activation of VEGF/VEGFR2/PI3K/Akt/eNOS pathway. A-B: HUVECs were transfected with LOXL1- 
AS1 overexpression plasmid or negative vector, and cells were treated with Ox-LDL (5 μg/ml) for 24 hours. RT-PCR and western blot 
were used to detect the expressions of VEGF, MMP2, MMP9 and MMP14. C-D: HUVECs were transfected with si-LOXL1-AS1 or si-NC, 
and cells were treated with Ox-LDL (5 μg/ml). RT-PCR and western blot were carried out to detect the expressions of VEGF, MMP2, 
MMP9 and MMP14. E-F. western blot was taken to detect the activation of VEGF/VEGFR2/PI3K/Akt/eNOS pathway in HUVECs 
transfected with LOXL1-AS1 overexpression plasmids or si-LOXL1-AS1 or their negative controls. *, **, *** represents p < 0.05, 
p < 0.01 and p < 0.001, respectfully. N = 3.
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MUT vector (Figure 3c). Meanwhile, in the RIP 
experiment, increased LOXL1-AS1 and miR-590- 
5p were enriched in the anti-Ago2 group (vs. 
anti-IgG group, Figure 3d). Further, miR-590- 
5p expression after selective regulation of 
LOXL1-AS1 was detected. The outcomes 
revealed that LOXL1-AS1 upregulation inhibited 
miR-590-5p expression, while down-regulation 
of LOXL1-AS1 promoted its expression 
(Figure 3e). The RNA FISH assay showed that 
both of LOXL1-AS1 and miR-590-5p were 
mainly located in the cytoplasm of HUVECs, 

and they were partly co-located (Figure 3F). 
Then, we measured the expression level of 
miR-590-5p after Ox-LDL (2.5–20 μg/ml) treat-
ment. The results illustrated that Ox-LDL dose- 
dependently suppressed miR-590-5p expression 
(Figure 3g). Meanwhile, with the extension of 
Ox-LDL action time, the expression of miR- 
590-5p was notably decreased (Figure 3g), 
which was contrary to the trend of LOXL1-AS1 
under the action of Ox-LDL. Collectively, 
LOXL1-AS1 was confirmed to target miR- 
590-5p.

Figure 3. MiR-590-5p is a competitive endogenous miRNA for LOXL1-AS1. A-B: through LncBase v.2 and starbase databases, we 
searched for potential miRNAs regulated by LOXL1-AS1.venny’s diagram was used to analyzed the shared miRNAs in the two 
databases. among the 19 shared miRNAs, miR-590-5p contains sites that pair with LOXL1-AS1. C: the dual luciferase activity 
experiment was performed to verify the targeting relationship between miR-590-5p and LOXL1-AS1. D: RT-PCR was performed to 
detect the enrichment level of LOXL1-AS1 and miR-590-5p in the lysate of RIP experiment. E: RT-PCR was applied to detect the 
expression of miR-590-5p after selective regulation of LOXL1-AS1. ns, **, *** represents p > 0.05, p < 0.01 and p < 0.001, respectfully. 
F: RNA FISH assay was used for determining the cellular localization of LOXL1-AS1 (red) and miR-590-5p (green) in HUVECs. 
G. different concentrations of Ox-LDL (2.5–20 μg/ml) were applied to HUVECs for 24 hours, and miR-590-5p expression was detected 
via RT-PCR; H: Ox-LDL (5 μg/ml) was applied to HUVECs for different time (0–72 h), miR-590-5p expression was measured by RT-PCR, 
ns p > 0.05, ** * p < 0.001 vs. control group.
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3.4 MiR-590-5p inhibited Ox-LDL-mediated 
angiogenesis and was inhibited by LOXL1-AS1

Due to the expression characteristics of miR-590- 
5p and LOXL1-AS1 after Ox-LDL action, we were 
very curious about their roles in Ox-LDL- 
mediated angiogenesis. We transfected HUVECs 
with miR-590-5p mimics and/or LOXL1-AS1 
overexpressed plasmids. The results revealed that 
after transfection with miR-590-5p, the level of 
miR-590-5p in HUVECs was upregulated, while 
miR-590-5p expression was down-regulated after 
the transfection of LOXL1-AS1 overexpressed 
plasmids (Figure 4a). Next, we examined the pro-
liferation, viability, migration, and angiogenesis of 
HUVECs with Ox-LDL (5 μg/ml) treatment. 
Compared with the Ox-LDL group, the prolifera-
tion, viability, migration and tube formation abil-
ity of HUVECs were decreased after the 
overexpression of miR-590-5p (Figure 4 (B-E)). 
However, after supplementing the LOXL1-AS1 
overexpressed plasmid, the inhibitory effects of 
miR-590-5p on the proliferation, viability, migra-
tion and tube formation ability of HUVECs were 
reduced (Figure 4(B-E)). Then, we tested the 
expressions of VEGF, MMP2, MMP9, MMP14 
and the activation of the VEGF/VEGFR2/PI3K/ 
Akt/eNOS pathway. The results illustrated that 
miR-590-5p upregulation inhibited the mRNA 
and protein expressions of VEGF, MMP2, 
MMP9, MMP14 and the VEGF/VEGFR2/PI3K/ 
Akt/eNOS pathway activation, and overexpression 
of LOXL1-AS1 reversed this effect (Figure 4 
(F-H)). Therefore, the upregulation of miR-590- 
5p attenuated Ox-LDL-mediated angiogenesis, 
while the upregulation of LOXL1-AS1 inhibited 
the miR-590-5p-mediated effects.

3.5 KLF6 is a target of miR-590-5p and is 
upregulated by Ox-LDL

By browsing Targetscan, miRanda and Pictar data-
bases, we analyzed the downstream regulatory 
genes of miR-590-5p. Interestingly, the 3ʹUTR of 
KLF6 mRNA had a base site binding to miR-590- 
5p (Figure 5a-b). Subsequently, we confirmed that 
miR-590-5p targeted the 3ʹUTRof KLF6 via dual 
luciferase activity assay (Figure 5c). Next, we 
examined the regulatory effects of LOXL1-AS1 

and miR-590-5p on KLF6. The results showed 
that both of Ox-LDL and LOXL1-AS1 overexpres-
sion increased KLF6 mRNA and protein expres-
sion. And LOXL1-AS1 had more significant effects 
in promoting KLF6 compared with Ox-LDL 
(Figure 5 (D-E). Moreover, the upregulation of 
miR-590-5p inhibited KLF6 expression, which 
was reversed by LOXL1-AS1 overexpression 
(Figure 5 (F-G)). The KLF6 mRNA and protein 
levels in HUVECs treated with Ox-LDL (2.5– 
20 μg/ml) were determined. As the data showed, 
Ox-LDL upregulated the mRNA and protein levels 
of KLF6, with dose-dependent and time- 
dependent effects (Figure 5 (H-K)). The above 
statistics indicated that the LOXL1-AS1/miR-590- 
5p axis regulates Ox-LDL-mediated angiogenesis 
potentially via regulating KLF6.

3.6 KLF6 promoted Ox-LDL-mediated 
angiogenesis

The data has confirmed that KLF6 may make 
a great contribution to the regulation of Ox-LDL- 
mediated angiogenesis. Hence, we constructed 
a cell model of KLF6 overexpression (Figure 6a). 
Next, we examined the proliferation, activity, 
migration, and angiogenesis of HUVECs induced 
by Ox-LDL (5 μg/ml). The results presented that 
the proliferation, viability, migration and tube for-
mation ability of HUVECs were considerably 
enhanced after overexpression of KLF6 (compared 
with Ox-LDL+vector group) (Figure 6 (B-E) (com-
pared with the Ox-LDL group). Then, we tested 
the mRNA and protein expressions of VEGF, 
MMP2, MMP9, MMP and the activation levels of 
VEGF/VEGFR2/PI3K/Akt/eNOS pathway. The 
results showed that forced upregulation of KLF6 
significantly promoted VEGF, MMP2, MMP9, 
MMP14 expressions and the VEGF/VEGFR2/ 
PI3K/Akt/eNOS pathway activation (Figure 6 
(F-H)). Therefore, the up-regulation of KLF6 pro-
motes Ox-LDL-mediated angiogenesis.

3.7 LOXL1-AS1 was upregulated in the serum of 
atherosclerosis patients

To further investigate the functions of LOXL1-AS1 
and miR-590-5p in atherosclerosis, we collected 15 
serum samples of atherosclerosis patients as well as 
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15 serum samples of healthy donors. Then RT- 
PCR was performed to detect LOXL1-AS1 and 
miR-590-5p in the clinical samples. It was found 
that LOXL1-AS1 was upregulated in AS patients 
(Figure 7a) while miR-590-5p was downregulated 
in the serum of AS patients compared with healthy 
donors (Figure 7b). In addition, the linear regres-
sion analysis showed that LOXL1-AS1 and miR- 
590-5p had a negative correlation in the serum of 

atherosclerosis patients (Figure 7c). Therefore, we 
believed that both of LOXL1-AS1 and miR-590-5p 
exert a role in atherosclerosis progression.

4 Discussion

This study explored the effect of the LOXL1-AS1 
/miR-590-5p/KLF6 axis in Ox-LDL-mediated 
abnormal proliferation, migration and 

Figure 4. MiR-590-5p inhibited Ox-LDL-mediated angiogenesis and was suppressed by LOXL1-AS1. A: we transfected miR-590-5p 
mimics and LOXL1-AS1 overexpression plasmids into HUVECs and detected the expression of miR-590-5p by RT-PCR. HUVECs were 
transfected with miR-590-5p mimics and LOXL1-AS1 overexpression plasmids, and cells were treated with Ox-LDL (5 μg/ml) for 
24 hours; B: CCK8 was used to examine the proliferation of HUVECs; C: the cell viability of HUVECs was detected by EdU method; D: 
the migration of HUVECs was detected by cell scratch test; E. the tube formation ability of HUVECs was detected by tube formation 
assay. *, **, *** represents p < 0.05, p < 0.01 and p < 0.001, respectively. N = 3; F-G: The expressions of VEGF, MMP2, MMP9, MMP14 
were detected via RT-PCR and western blot, respectively (f-g), and the activation of VEGFR2/PI3K/Akt/eNOS pathway was detected 
by western blot (h). *, **, *** represents p < 0.05, p < 0.01 and p < 0.001, respectively. N = 3.
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angiogenesis. Our results demonstrated that Ox- 
LDL remarkably upregulated the expression of 
LOXL1-AS1, which promoted Ox-LDL-mediated 
angiogenesis by inhibiting miR-590-5p and upre-
gulating KLF6.

As an important barrier to the inner wall of 
blood vessels, vascular endothelial cells exert 
a great effect on protecting blood vessels [29]. In 
atherosclerotic lesions, the expression of angio-
genic factors (VEGF, PDGF, TGFβ), the genera-
tion of lipid mediators (lysophosphatidic acid, S1P, 
prostaglandins) and the formation of oxidized 
lipids were stimulated by local oxidative stress 

and hypoxia caused by intimal hyperplasia 
[30,31]. In the atherosclerosis patients, dysregu-
lated Ox-LDL mediates vascular dysfunction, and 
on the surface of vascular endothelial cells, several 
scavenger receptors that mediate the cytotoxic 
effects of Ox-LDL are expressed [32]. 
Unregulated Ox-LDL caused dual roles on the 
proliferation, migration and angiogenesis of vas-
cular cells. On the one hand, Ox-LDL leads to 
proinflammatory responses and accelerates cell 
migration and proliferation. On the other hand, 
higher concentration of Ox-LDL represses cell 
growth and induces apoptosis [33]. These 

Figure 5. KLF6 is the target of miR-590-5p and was upregulated by Ox-LDL. A-B. through the targetscan, miranda and pictar 
databases, we analyzed the downstream regulatory genes of miR-590-5p. among the 124 potential gens, the 3ʹUTR of KLF6 mRNA 
has a base site that binds to miR-590-5p; C: the dual luciferase activity experiment was used to confirm the targeting relationship 
between miR-590-5p and KLF6; D-E: we performed RT-PCR (d) and western blot (e) to measure the expression of KLF6 mRNA and 
protein in HUVECs treated with Ox-LDL (5 μg/ml) or with selective regulation of LOXL1-AS1; F-G: RT-PCR (f) and western blot (g) were 
applied to examine the regulation effect of LOXL1-AS1 and miR-590-5p on KLF6; H-I: different concentrations of Ox-LDL (2.5–20 μg/ 
ml) were applied to HUVECs for 24 hours, and the expression of KLF6 was evaluated via RT-PCR (h) and western blot (i). Ns, *, **, *** 
represents p > 0.05, p < 0.05, p < 0.01 and p < 0.001, respectively. N = 3; J-K: Ox-LDL (5 μg/ml) was applied to HUVECs for different 
time (0–72 h), RT- PCR (j) and western blot (k) were taken to examine the expression of KLF6, ns, *, **, *** represents p > 0.05, 
p < 0.05, p < 0.01 and p < 0.001 vs. 0 h group, respectively. N = 3.
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unbalanced endothelial cell migration and prolif-
eration lead to the formation of neocapillaries 
issued from adventitial vasa vasorum and invading 
the intima [34]. In the initial stage, the neovascu-
larization provides blood cells, nutrients and oxy-
gen that promote the growth of the atherosclerotic 
plaque. However, these leaky fragile neocapillaries 
increase the risk of plaque destabilization as they 
promote iron deposition and intraplaque hemor-
rhages [35–38]. In this study, we found that Ox- 
LDL (5 μg/ml) markedly promoted the prolifera-
tion, migration and tube formation ability.

Lectin-like oxidation of low-density lipoprotein 
receptor 1 (LOX-1) is the main Ox-LDL receptor 

in endothelial cells and is expressed in macro-
phages and smooth muscle cells. LOX-1 is upre-
gulated after exposure to several pro-inflammatory 
and pro-atherogenic stimuli, and aggravates the 
injury of vascular endothelial cells by activating 
multiple inflammatory response signaling path-
ways [39,40]. Additionally, there are researches 
showing that Ox-LDL mediates angiogenesis, 
which is a complex process that involves the cell 
effort, migration, basement be degradation, and 
neo-vessel organization and maturation [41]. This 
differential effect of Ox-LDL is most likely due to 
different concentrations of Ox-LDL. As shown in 
previous studies, low concentrations of ox-LDL 

Figure 6. KLF6 promoted Ox-LDL-mediated angiogenesis. A. HUVECs were transfected with KLF6 overexpression plasmid, and 
western blot was used to detect the expression of KLF6. Ox-LDL (5 μg/ml) were used to treat KLF6 over-expressed cells for 24 hours; 
B: CCK8 was used to detect the proliferation of HUVECs; C: the cell viability of HUVECs was measured by EdU method; D: the 
migration of HUVECs was detected via cell scratch test; E: the blood vessel formation ability of HUVECs was detected by tube 
formation assay. *, **, *** represents p < 0.05, p < 0.01 and p < 0.001, respectively. N = 3; F-G: the expressions of VEGF, MMP2, 
MMP9, MMP14 were detected via RT-PCR (f) and western blot (g). H: the activation of VEGFR2/PI3K/Akt/eNOS pathway was 
measured by western blot (h). *, **, *** represents p < 0.05, p < 0.01 and p < 0.001, respectively. N = 3.
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accelerate angiogenesis in human endothelial cells, 
thereby making a contribution to plaque vulner-
ability and intravascular thrombosis [42,43]. Here, 
we found that under a relatively low concentration 
of Ox-LDL (5 μg/ml) treatment, the proliferation, 
viability, migration and angiogenesis of HUVECs 
were notably promoted, which further confirmed 
the above conclusion.

LncRNA is one of the research hotspots in 
recent years, and it plays an important role in 
regulating cell proliferation, migration and apop-
tosis [44]. What is worth noting is that lncRNA 
takes part in Ox-LDL-mediated dysfunction of 
endothelial cells, macrophages, and vascular 
smooth muscle cells. Taking lncRNA NORAD as 
an example, its downregulation exacerbated Ox- 
LDL-mediated endothelial cell apoptosis, reactive 
oxygen species, malondialdehyde, and p-IKBα 
expression levels and NF-κB nuclear translocation 
[45]. LncRNA MALAT1 can maintain autophagic 
levels in Ox-LDL-acting macrophages by regulat-
ing the SIRT1/MAPK/NF-κB Pathway [46]. 
Besides, Ox-LDL dose-dependently promotes the 
proliferation of vascular smooth muscle cells, and 
regulates vascular smooth muscle cell proliferation 
and colony formation ability by raising lncRNA 
urothelial cancer-associated 1 (UCA1) [47]. As 
a lncRNA, LOXL1-AS1 has been proven to pro-
mote the proliferation and metastasis of tumor 
cells [48,49]. Therefore, we were curious about 
the function of LOXL1-AS1 in Ox-LDL-mediated 
vascular endothelial cells. Our results manifested 
that low concentration of Ox-LDL promoted the 

expression of LOXL1-AS1, while LOXL1-AS1 
accelerated Ox-LDL-mediated proliferation, 
migration and angiogenesis of vascular endothelial 
cells. This fact revealed the potential effect of 
LOXL1-AS1 on the diagnosis and treatment of AS.

Abundant miRNAs have previously been impli-
cated in the regulation of Ox-LDL in vascular 
endothelial cell injury and angiogenesis. For 
instance, up-regulation of miR-140-5p can inhibit 
Ox-LDL-mediated vascular endothelial cell apop-
tosis and oxidative stress by targeting the toll like 
receptor 4 (TLR4) [50]. Similarly, miR-381 attenu-
ates the damage of Ox-LDL-mediated HUVECs 
inflammation by targeting CXCR4 [51]. Besides, 
Ox-LDL-stimulated human monocyte-derived 
macrophages (HMDMs) -derived extracellular 
vesicles (EVs) inhibited the proliferation, migra-
tion, and angiogenesis abilities of human coronary 
artery vascular endothelial cells (HCAECs) 
in vitro. Further exploration on the mechanism 
discovered that EV-shuttled miR-4306 upregulates 
the Akt/nuclear factor kappa B signaling pathway 
[52]. MiR-590-5p is a multifunctional miRNA that 
plays a significant role in the regulation of tumor 
progression, inflammatory response, central ner-
vous system damage, and angiogenesis [21–24]. 
Moreover, previous studies have found that 
lncRNA TUG1, as the upstream modulator of 
miR-590-5p, inhibits the expression of miR-590- 
5p and promotes the proliferation and migration 
of ASMCs [53]. Interestingly, in the present study, 
we found that miR-590-5p was considerably inhib-
ited by Ox-LDL as a ceRNA molecule of LOXL1- 

Figure 7. LOXL1-AS1 was upregulated in the serum of atherosclerosis patients 15 serum samples of atherosclerosis patients as well 
as 15 serum samples of healthy donors were collected. RT-PCR was performed to detect LOXL1-AS1 and miR-590-5p in the clinical 
samples (a-b). C: linear regression analysis was used to analyze the correlation of LOXL1-AS1 and miR-590-5p in the serum of 
atherosclerosis patients. N = 3.
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AS1. We further explored the effect of miR-590-5p 
on Ox-LDL-mediated HUVECs. The results illu-
strated that miR-590-5p upregulation significantly 
attenuated Ox-LDL-mediated proliferation, migra-
tion, and angiogenesis of HUVECs. Meanwhile, 
overexpression of LOXL1-AS1 limited the expres-
sion of miR-590-5p and the effect of miR-590-5p. 
Therefore, under the action of Ox-LDL, upregu-
lated LOXL1-AS1 promotes Ox-LDL-mediated 
angiogenesis by inhibiting miR-590-5p.

Recently, accumulating evidences have sug-
gested that KLFs play important roles in vascular 
wall biology, which further affect vascular dis-
eases by in vitro, in vivo, and genetic epidemiol-
ogy studies. Specifically, multiple functional 
aspects are regulated by KLFs through modulat-
ing various signaling pathways [54]. Those func-
tions include cell growth, differentiation, 
activation, development, angiogenesis, inflamma-
tion and so on [55,56]. As one of the vital 
members of KLFs, KLF6 also exerts a key reg-
ulator of angiogenesis and vascular remodeling. 
For instance, during the process of vascular 
injury, KLF6 expression is elevated and it trans-
locates into the nucleus to specifically enhance 
the transcriptional activity of endoglin and acti-
vin receptor-like kinase 1 (ALK1) [57]. 
Additionally, KLF6 also regulates a pool of 
genes involved in motility and invasion during 
vascular remodeling and angiogenesis including 
collagen a1, E-cadherin, MMP9, MMP14 and 
VEGF [58,59]. Here, our data illustrated that 
low concentration of Ox-LDL promoted the 
expression of KLF6, while overexpression of 
KLF6 promoted Ox-LDL-mediated HUVECs 
proliferation, migration and angiogenesis, as 
well as the expressions of VEGF, MMP2, 
MMP9 and MMP14, which further verified the 
learn-promoting tubular effect of KLF6. 
Interestingly, we found that miR-590-5p targeted 
the 3ʹUTR end of KLF6 and inhibited the 
expression of KLF6, while LOXL1-AS1 promoted 
the expression of KLF6. Therefore, the LOXL1- 
AS1/miR-590-5p axis can promote Ox-LDL- 
mediated angiogenesis by upregulation of KLF6.

VEGF, as a classical cytokine, can further pro-
mote angiogenesis by activating the downstream 
PI3K/Akt/eNOS through VEGFR2. This effect is 
widely recognized in both tumor and non-tumor 

diseases [60,61]. Targeting the regulation of 
VEGFR2/PI3K/Akt/eNOS has a significant thera-
peutic effect on angiogenesis in AS. For example, 
Triptolide inhibits the angiogenesis of microvascu-
lar endothelial cells through upregulating miR-92- 
a, which then targets ITGA5 mediated VEGF sig-
naling [62]. In this study, we found that Ox-LDL 
promoted the activation of VEGF signal and its 
downstream VEGFR2/PI3K/Akt/eNOS pathway, 
and the up-regulation of LOXL1-AS1 promoted 
the effect of Ox-LDL, while miR-590-5p had an 
opposite effect. In addition, KLF6 was found to 
promote activation of the VEGFR2/PI3K/Akt/ 
eNOS pathway. In connection with the promoting 
effect of KLF6 on VEGF, we hypothesized that 
KLF6 mediated by the LOXL1-AS1/miR-590-5p 
axis could promote the activation of VEGFR2/ 
PI3K/Akt/eNOS pathway by upregulating VEGF.

Collectively, this study revealed a new regula-
tory pathway, namely the effect of the LOXL1-AS1 
/miR-590-5p/KLF6 axis in low-concentration Ox- 
LDL-mediated angiogenesis. Under the action of 
Ox-LDL, the upregulated LOXL1-AS1 inhibited 
the expression of miR-590-5p, leading to the up- 
regulation of KLF6 and the activation of VEGFR2/ 
PI3K/Akt/eNOS pathway. However, there are still 
some problems to be solved in the following 
research: 1) how KLF6 upregulates the expression 
of VEGFR; 2) under the action of high concentra-
tion of Ox-LDL, whether the effect of LOXL1-AS1 
/miR-590-5p/KLF6 axis remains unchanged; 3) the 
effect of the LOXL1-AS1 /miR-590-5p/KLF6 axis 
in the atherosclerosis animal model remains to be 
explored. In conclusion, this study explored the 
molecular mechanism of vascular endothelial cell 
angiogenesis during atherosclerosis, which is 
expected to provide a new theoretical basis for 
the diagnosis and treatment of atherosclerosis 
patients.

4 HIGHTS

1) LncRNA LOXL1-AS1 were upregulated in Ox-LDL 
induced HUVECs and atherosclerosis patients;
2) LOXL1-AS1 overexpression promoted Ox-LDL mediated 
angiogenesis both in vivo and in vitro;
3) LOXL1-AS1 works as a competitive endogenous RNA 
(ceRNA) by sponging miR-590-5p;
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4) LOXL1-AS1 promoted Ox-LDL induced angiogenesis via 
modulating miR-590-5p targeted KLF6/VEGF signaling 
pathway.
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